We realize a device with biological synaptic behaviors by integrating silicon oxide are demonstrated systematically using a comprehensive analysis of spike-induced waveforms, and represent interesting potential applications for SiO x -based resistive switching materials. The resistive switching SET transition is modeled as hydrogen (proton) release from (SiH) 2 to generate the hydrogen bridge defect, and the RESET transition is modeled as an electrochemical reaction (proton capture) that re-forms (SiH) 2 . The experimental results suggest a simple, robust approach to realize programmable neuromorphic chips compatible with large-scale CMOS manufacturing technology.
. Ambient effects on silicon oxide resistive switching. The device structure is TaN/SiO 2 /N + Si. The 60 nm SiO 2 layer was deposited by reactive sputtering. After TaN electrode fabrication, an exposed sidewall edge was formed in the SiO 2 layer using wet etching. 53 (a) I-V curves of DC voltage sweeps from 0 V to 8 V as a function air pressure (0.1 mTorr -760 Torr).
At 0.1 mTorr and 10 Torr, devices exhibit a peak in current near 4.0 V followed by a continuous drop in current to ~ 8 V, which is a characteristic RESET response. As air pressure increases to > 10 Torr, the I-V plot begins to depart substantially from the characteristic RESET response, showing a reduction of the current peak (20 Torr -100 Torr), eventually leading to the inability to switch state at 1 atm (760 Torr). This experiment makes it clear that O 2 and/or H 2 O vapor in the air are in the immediate vicinity of the conductive filament whenever devices with an unpassivated sidewall edge are exposed to air. (b) The current degradation ratio plotted versus air pressure on log scale and linear scale (inset) as a function of device area. The current degradation ratio is defined as Log 10 (I n /I 1 ), where I n /I 1 is the current measured at 4 V after/before air is introduced into the measurement system. No device area dependence was observed, as would be expected for a conductive filament formed near the SiO 2 sidewall edge.
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These results indicate that both the SET transition at ~ 3.0 V and the RESET transition are RESET mapping are conditioned as described above by a fixed 4 V DC double-sweep with 1mA compliance current limit for the LRS, and an 8 V DC single-sweep for HRS. The pulse height ranged from 3.5 V to 4.5 V and pulse width ranged from 100 ns to 1 ms for the SET process. The pulse height ranged from 5.0 V to 9.0 V and pulse width ranged from 100 ns to 1 ms for the RESET process. "S" and "R" denote the SET increment/RESET decrement of current state changes after applying the AC pulse. The current state change is defined as Log 10 (I n /I nitial ), where I n /I Initial is the current ratio measured at 1 V after/before the pulse waveform is applied. switching charge-state energy levels that form an effective conduction band-edge (E C ), thermodynamic energy levels (E TH ), occupied switching charge-state energy levels that form an effective valence band-edge (E V ) and effective bandgap energies (E G ) referenced to the Si midgap energy in units of eV. 66 To determine the relative band offsets in the band diagrams (Fig.   4b ), the standard methodology used for semiconductors was employed where the thermodynamic energy level of each defect was aligned to the electrode Fermi levels at 0 V bias, thus pinning the thermodynamic energy levels of the defects to the electrode Fermi level. 65 The ideal band diagrams in Figure 4b of the main text assume electrodes with Fermi levels at the Si midgap energy and mono-energetic defect energy levels. Defect spacing is assumed to be uniform with one defect cluster every 1/2 nm, which is based on the average electron hopping distance determined by fitting the low-voltage I-V response to the hopping conduction expression. 54 In the LRS band diagram shown in Fig. 4b (bottom Fig. 4b (top) is drawn for the case where all defects in the switching region are converted into non-conductive (SiH) 2 and (SiOH) 2 to form a conductance gap along the filament. The (SiH) 2 defects have an effective bandgap of 2.6 eV (Fig. S4 ), leading to a discontinuity in the conduction band of ~ 0.8 eV when considering the conduction band offsets between Si-H-Si and (SiH) 2 , which is in reasonable agreement with the electron energy barrier of ~ 0.6 eV measured in the HRS. 54 The SET transition is initiated when trap-assisted tunneling through the (SiH) 2 defect stimulates H desorption to form Si-H-Si. Figure S6 . A pulse waveform design using the non-identical pulse method for demonstration of spike-timing-dependent plasticity (STDP) with fixed 10 µs spike pulse width intervals. (a)
Potentiation of conductance strength change is achieved by using multi-step spike heights from 4 V to 8 V in the pre-neuron state and a single spike height also fixed at 13 V in the post-neuron state. Similarly, depression of conductance strength change can be achieved in (b) by using multi-step spike heights from -4 V to 0 V in the pre-neuron state and a single spike height fixed at 13 V in the post-neuron state.
